Holographic data pages were multiplexed in different thickness layers of a polyvinyl alcohol/acrylamide photopolymer. This material is formed of acrylamide photopolymers, which are considered interesting materials for recording holographic memories. A liquid crystal device was used to modify the object beam and store the data pages. A peristrophic multiplexing method is used to store a large number of data pages in the same spot in the material. The bit error rate was calculated fitting the histograms of the images to determine what parameters improve the quality of the images.
Introduction
Due to the importance acquired by new technologies (computers and Internet), the demand for more capacity, more density, and faster readout rates has increased considerably. The conventional optical memory technologies, like CD-ROMs and DVDs, are two-dimensional surface-storage techniques, and so have almost arrived at the limit of their capacity. For this reason, in recent years a lot of attention has been centered on three-dimensional (3D) holographic disks and memories [1] [2] [3] [4] . Recently, many studies have been focused on the characterization and optimization of thick holographic recording materials [5, 6] in order to obtain the maximum data storage capacity. Some companies such as Aprilis [7] or InPhase [8, 9] have already created the first prototypes of holographic optical storage systems capable of storing from 200 Gbytes to 1.6 Tbytes.
Since photopolymers have excellent holographic characteristics, such as high refractive index modulation [10, 11] , large dynamic range [2, [12] [13] [14] , good light sensitivity, real time image development, high optical quality, and low cost, they have been used as the base of new 3D holographic disks. In addition to this, their properties such as energetic sensitivity or spectral sensitivity can be easily changed by modifying their composition [10, [14] [15] [16] .
In this study, we focus on the optimization of a holographic memory setup multiplexing a large number of data pages using a liquid crystal display (LCD) and a polyvinyl alcohol (PVA)/acrylamide photopolymer.
Twisted-nematic liquid crystal displays (TNLCDs) have been extensively studied in recent years for application to spatial light modulators (SLMs) used in many applications in optics to modify in real time the amplitude or phase of a light beam [17] [18] [19] [20] [21] [22] [23] . This LCD can be used to design programmable optical elements, such as lenses and data pages or in holographic data storage. In particular in holographic data storage, LCDs allow data pages to be recorded in real time in the holographic recording material.
The photopolymer used in this work was composed of acrylamide (AA) as the polymerizable monomer, triethanolamine (TEA) as radical generator, N; N 0 methylene-bis-acrylamide (BMA) as crosslinker, yellowish eosin (YE) as sensitizer, and a binder of polyvinyl alcohol (PVA) [24] . Layers about 80 AE 10 μm [25] , 250 AE 10 μm, and 500 AE 10 μm were used [15, 16] .
Different objects with white and black pixels were used to simulate data page bits (ones and zeros). During the storage process, these data pages are stored in the photopolymer. When the hologram has been stored, it is illuminated in the reconstruction stage by the same plane wave as in the recording process in order to prevent the appearance of aberrations in the reconstructed image. Using an optical system, the stored information is imaged onto a Cohu 4710 Series Monochrome CCD camera connected to a personal computer, where the images are analyzed and processed.
These objects were multiplexed in the three different thicknesses layers. To maximize full dynamic range of the material [2, 12, 13] and to store a large number of holograms, exposure was gradually increasing while the holograms were being stored.
Once the images have been obtained, a criterion has to be used to assess the quality of the different images and to compare them with the original object. In order to evaluate the image quality, its histogram is used to calculate the bit error rate (BER) [26] [27] [28] [29] and to determine the contrast between white and black pixels. BER values of each image are calculated to decide what parameters provide the best image quality (greater contrast and less noise).
Experimental Setup

A. Preparation of the Material
The holograms are recorded in a photopolymer composed of acrylamide (AA) as the polymerizable monomer, triethanolamine (TEA) as radical generator, N; N 0 methylene-bis-acrylamide (BMA) as crosslinker, yellowish eosin (YE) as sensitizer, and a binder of polyvinyl alcohol (PVA). Introduction of BMA in the composition improves the energetic sensitivity and diffraction efficiency of the material and, in addition, gives a greater stability to the stored grating, thereby preventing it from disappearing with time. Table 1 shows the component concentrations of the photopolymer compositions used to obtain layers about 80 μm thick with the composition 1, layers about 250 μm with the composition 2, and layers about 500 μm with the composition 3. In previous papers the material was optimized in order to obtain a greater diffraction efficiency [15, 16, 25] .
A solution of PVA in water forms the matrix, and this is used to prepare the mixture of AA, BMA, and a photopolymerization initiator system composed of TEA and YE. The mixture is made under red light, deposited by gravity on a glass plate, and left in the dark for one day to allow the water to evaporate in conditions of temperature T ¼ 22°C and relative humidity RH ¼ 55%. These conditions of drying time, temperature, and relative humidity are optimized to obtain the maximum diffraction efficiency of the gratings. Once dry, the glass is cut into squares of 5 cm × 5 cm.
B. Holographic Setup
Holographic data pages were recorded using the setup shown in Fig. 1 . The light source was a diodepumped frequency-doubled Nd : YVO 4 laser (Coherent Verdi V2) with a wavelength of 532 nm. The polarized beam was split into two beams with a beam splitter. Then the beams were spatially filtered using a 40× objective lens and a 10 μm pinhole. The filtered beams were collimated using the lenses L1 and L2 and the diaphragms D1 and D2. The diameter of these beams was 1:5 cm, obtained with D3 and D4, and the sum of the intensities of the two beams was 3 mW=cm 2 . The incident angles of the object beam and the reference beam at the recording medium were 17:4°(measured in air). In previous studies in which diffraction gratings were stored, this angle was used to obtain a spatial frequency of 1125 lines=mm [12, 13] , and the material's behavior was seen to be good. For this reason, the same angle between the beams was used in this study. One of the beams was the object beam, and the other was the reference beam. The object beam was directed onto the surface of a 800 × 600 TN-LCD with a pixel pitch of 32 μm. The LCD was placed between two polarizers, one to each side of the LCD. The set of LCD and polarizers was used as a SLM. The lens L3 (f 0 ¼ 200 mm) was used to obtain a convergent beam, and the lenses L4 and L5 (f 0 ¼ 100 mm) were placed to do the Fourier transform (FT) and the inverse Fourier transform (IFT) of the data pages. We used this scheme because we obtained a flexibility configuration: the size of the FT was under control by moving the LCD along the axis. By increasing d, the size of the FT was made larger, and decreasing d, the size of the FT was made smaller. A diaphragm was placed just before the photopolymer to block all the orders that leave the LCD except the central order. If the other orders were not blocked, they would also be stored in the material, and during reconstruction, interference patterns would be observed on the image, thus worsening its quality. The other beam, the reference beam, was a plane wave that interfered with the object beam at the surface of the material. These beam intensities were measured at the position where the photopolymer must be placed when the holograms are stored.
In the reconstruction stage, the stored hologram that contained the information of the data page was illuminated with the reference beam, but at a very low intensity so as not to erase the hologram because the material was sensitive at this wavelength. Another lens was placed behind the photopolymer to do the inverse Fourier transform (IFT) of the diffracted beam on the surface of the charge coupled device (CCD). A computer sends the data pages to the LCD and captures images reconstructed by the CCD.
In order to ensure the stability of the experimental setup for long exposure times, a holographic table with an antivibration system was used.
Results and Discussion
In this paper, we want a large number of data pages be stored in a PVA/acrylamide photopolymer. For this reason, holograms have been multiplexed for different thicknesses of the material, 80 μm, 250 μm, and 500 μm, using the compositions in Table 1 . In each layer, binary data pages with a random pixel form were stored. These objects have a different number of pixels: 300 × 300, 400 × 400, 500 × 500, and 800 × 600 pixels. This allows us to study the behavior of the photopolymer material when data pages with different numbers of pixels are multiplexed.
These objects were stored in the same position in the material using peristrophic multiplexing because previous papers showed that when a not very large number of holograms (fewer than 200 holograms) are to be stored, a higher diffraction efficiency is obtained with peristrophic multiplexing [13] . By changing the thickness of the material, the number of holograms that can be stored will also change. With a greater thickness, the material will have a greater dynamic range and more holograms may be stored [2] .
The holograms were stored with an angular separation of 3°. The angular selectivity was measured for the different thicknesses used in this study. For a thickness of 500 μm, we obtained an angular selectivity of 1°, for 250 μm, 1:5°, and for 80 μm, 2°. Therefore an angular separation of 3°is more than sufficient to prevent the holograms from overlapping.
The holograms were stored with a reference to object beam ratio of 100 and a reading beam intensity of 0:03 mW=cm 2 . In a previous study on the influence of these parameters on the quality of the stored images [25] , these values were found to give a greater image quality and therefore a lower BER.
A. Optimization of the LCD As described in the holographic setup section, an LCD (LCD2002 Holoeye SONY LCX016AL-6 800 × 600 pixels) was placed in the object beam to modify the wavefront and store this variation in the photopolymer. The variation may be in phase or amplitude. In this study, the wavefront amplitude is modified, while its phase is maintained constant, and this modification is the object to be stored in the photopolymer. The object has two states: white, with a maximum amplitude transmittance, and black, with a minimum amplitude transmittance. The optimization process of the LCD can be seen in [17] [18] [19] [20] [21] [22] [23] .
LCDs change the polarization state of the incident light. This may mean that not all the light incident on the LCD is transmitted, since some of it is reflected or absorbed. Therefore it is advisable to place two polarizers, one before and one after the LCD, in order to transmit the maximum light possible. However, to achieve this, the LCD and polarizers must be calibrated correctly, which means that the angles at which the latter are to be placed in order to achieve maximum efficiency and minimum loss must be calculated. In our study, the objective was also to obtain the maximum contrast between transparent and opaque zones of the LCD with either no or minimal phase variation. Therefore before sending the objects to the LCD for storage in the photopolymer, the LCD must be correctly calibrated. This is done using the method described in [19, 20] , which consists of two calibration steps. In the first step, the LCD is turned off and no voltage is applied. In this step, three parameters that are independent of the voltage are calculated: the total twist angle (α), the orientation of the molecular director at the input face (ψ D ), and the maximum birefringence (β max ). The parameters obtained with the LCD calibrated while turned off are shown in Table 2 .
In the second step, the parameters dependent on voltage are measured. These are related to the variation in optical anisotropic properties throughout the thickness of the cell as a function of the voltage applied. The model attempts to take into account that the liquid crystal molecules near the glass are practically adhered to its surface and cannot reorientate themselves when the voltage is applied. Thus, the total thickness d of the LCD may be decomposed into two lateral regions of width d 1 and a central region of width d 2 . In this way, the anisotropic properties of the LCD may be modeled using two voltage-dependent parameters, birefringence β and δ, which are expressed in Eq. (1):
where λ 0 is the wavelength of the light and Δn is the difference between the ordinary and extraordinary indices, with Δn max being the maximum value. From the curves of βðVÞ and δðVÞ, we can find the angles at which the polarizers must be placed in the experimental setup to modulate the incident beam. In our study, our aim is to obtain the maximum contrast between transparent and opaque zones of the LCD with minimum variation in the phase. In this case, the angles found are φ 1 ¼ 296°for the polarizer in front of the LCD and φ 2 ¼ 111°for the polarizer behind it.
B. Calculation of the Bit Error Rate
After one of the objects has been stored in the photopolymer, the hologram formed is reconstructed by illuminating it with the reference beam. The diffractive beam obtained is imaged onto the CCD. If the holographic reconstruction were perfect, the images obtained would have uniform white and black pixels. However, many reasons exist that may distort the image (such as small imperfections in the material, particles that may be found in any element of the setup, or poor contrast of the image obtained due to insufficient exposure). Since the images obtained are not perfect and exhibit noise, it is necessary to measure a parameter that quantifies the image quality. This parameter is the bit error rate (BER).
The BER is defined as the probability of having erroneous bits in the image. To calculate the BER [25, 26] , first, in Fig. 2 , we represent in logarithmic scale the probability of obtaining a certain gray level in the black or the white regions. In Fig. 2 , the probability in the black regions is represented by solid circles, and the probability in the white regions is represented by empty circles. As can be seen, the two probability distributions are clearly distinguishable, although there is a point at which they intersect. This point of intersection of the two distributions is called x c .
Once the probability distributions have been obtained from the graph (Fig. 2) , both distributions are fitted to a probability function. In this study, they are fitted to a Gaussian equation (Eq. (2)):
where x represents each gray level in the image, x 0 is the point at which the Gaussian distribution is centered, and σ is the width of the Gaussian distribution. The reason why they are fitted to a Gaussian equation is that it has been verified that most probability distributions obtained from an image captured by a CCD may be expected to follow this type of distribution. Once the adjustments for the probability distribution of both white and black pixels have been made, the BER is calculated from Eq. (3):
where W W are W B are the adjustments of the probability distribution of white and black pixels, respectively, and x c is the point of intersection of the two probability distributions. Using this algorithm, the BERs of all the images are calculated and are discussed in the following subsections.
C. Thickness of 80 μm
As mentioned above, data pages were stored with four different pixel sizes. In this subsection, these four data pages are multiplexed in the 80 μm thick material. Each of the four objects is stored at the same position in the material with an angular separation of 3°. In addition, they are stored with a beam ratio of 100 and reconstructed on the CCD with a reading beam intensity of 0:03 mW=cm 2 . In previous studies it was found that when all the holograms were stored using the same exposure time, the last holograms were stored with lower diffraction efficiency or not even formed. In order to increase the diffraction efficiency of the last holograms, it was found necessary to increase the exposure of the holograms as they were being stored [12, 13, 30] . Therefore, since in this study the objective is to store as many data pages as ig. 2. Distribution of the probability of black and white pixels. possible, the exposure is gradually increased as the data pages are stored so that the last data pages have the same BER as the first ones.
In Fig. 3 , the exposure time that the data pages have been stored is represented by empty triangles. Thus, when the 300 × 300 pixel object was stored, 15 holograms were multiplexed in the material. Figure 3 shows the BER of the four multiplexed data pages as a function of the number of holograms. The BERs obtained from each of the 15 holograms are represented by solid black circles. As can be seen, the first 9 holograms have a BER less than 0.1, and the holograms up to number 12, less than 0.2. However, the BER of the last holograms increases and reaches 0.4 for hologram 15. For the last holograms, no matter how much the exposure was increased, images were obtained with little contrast between pixels, thus indicating that this is the limit for storing images with this thickness and this number of pixels. Figure 4 (a) shows the image of the first hologram, and Fig. 4(b) shows the image of the last hologram with a lower BER (hologram 12), reconstructed with the reference beam. In Fig. 4(a) there is a greater contrast between the white and black pixels, and the edges are well defined. Figure 4 (b) has lower contrast than Fig. 4(a) , but the pixels are clearly distinguishing ones to others. The last hologram is not represented because it was not well formed.
In the following step, holograms with 400 × 400 pixels were multiplexed and 16 holograms were stored. In Fig. 3 the BERs of these 16 holograms are represented by empty circles. As can be seen again, the first holograms have a BER close to 0, whereas from hologram 13 on, the BERs begin to increase. Figures 4(c) and 4(d) show the first and last hologram with a lower BER (hologram 16) of the 400 × 400 pixel object. It can be seen that the quality of the stored image changes when the value of BER varies. And finally, holograms corresponding to the 500 × 500 pixel (solid squares) and 800 × 600 pixel (empty squares) objects were multiplexed. In these two cases, 19 and 20 holograms were stored, respectively. As can be seen, the first 15 holograms have a BER of less than 0.2, and the BER of the last holograms increases but never exceeds 0.4. Figure 4 (e) to 4(h) shows the first and last hologram with a lower BER (holograms 15 and 16, respectively) of these two objects. Since the BER of the last data pages stored is higher than that of the others, in future studies a more complete exposure scheduling should be followed to obtain a uniform BER in the reconstructed images. Fig. 3 . (Color online) (Color online) BER of the objects with 300 × 300 pixels (solid circles), 400 × 400 pixels (empty circles), 500 × 500 pixels (solid squares), 800 × 800 pixels (empty squares), and exposure time (empty triangles) in a 80 μm thick material. Fig. 4 . First and last holograms with a lower BER corresponding to objects with 300 × 300 pixels (a), (b), 400 × 400 pixels (c), (d), 500 × 500 pixels (e), (f), and 800 × 600 pixels (g), (h) in a 80 μm thick layer.
D. Thickness of 250 μm
In this subsection, the same objects as those in the previous subsection are multiplexed, but now in a 250 μm thick material. In Fig. 5 the BER for these four objects stored with this thickness is represented as a function of the number of holograms. The exposure time that the data pages have been stored is represented by empty triangles. The most important change between Fig. 3 and 5 is that in Fig. 5 more holograms have been stored (up to 30 holograms) due to the increase in thickness of the photopolymer layer used.
With this thickness it can be seen that the first holograms (up to hologram 6, depending on the object) have a higher BER than those in the central region (holograms up to number 28 for the 800 × 600 pixel object). It has been reported that holograms have a high BER due to the lack of exposure used when storing them. This means that the holograms are not properly formed, and the images obtained are not of good quality. Therefore in these first holograms in which the storage limit has not been reached, having a BER of over 0.1 means that the exposure used to store them was not sufficient. Since the material is thicker, its energetic sensitivity is different, which makes it necessary to use a greater exposure for these first holograms to be formed properly. However, the exposure with which the first two or three holograms should be stored is very critical when greater thicknesses are used [12, 13] . If the exposure is not sufficient, the hologram is not formed, whereas if the exposure is increased too much, a large part of the dynamic range is consumed and fewer holograms may be stored. For this reason, it is necessary to reach a compromise to obtain the best results. In this study, we opted for sacrificing the first holograms, which meant that they had a slightly higher BER than the central holograms (where the material behaves in a more linear way), in order to be able to store a larger number of holograms. The last holograms again have a high BER since the storage limit for this thickness has been reached. With the exception of the first and last holograms, it can be seen that the BER of the central holograms is constant and less than 0.1 for the first three objects. However, for the 800 × 600 pixel object, the mean BER of the first 25 holograms is greater than that of the other objects.
In Fig. 6 the first and last holograms with a lower BER (holograms 22, 25, 23, and 28 for the objects Fig. 5 . (Color online) (Color online) BER of the objects with 300 × 300 pixels (solid circles), 400 × 400 pixels (empty circles), 500 × 500 pixels (solid squares), 800 × 600 pixels (empty squares) and exposure time (empty triangles) in a 250 μm thick material. Fig. 6 . First and last holograms with a lower BER corresponding to objects with 300 × 300 pixels (a), (b), 400 × 400 pixels (c), (d), 500 × 500 pixels (e), (f), and 800 × 600 pixels (g), (h) in a 250 μm thick layer.
with 300 × 300 pixels, 400 × 400 pixels, 500 × 500 pixels, and 800 × 600 pixels, respectively) of the four objects stored in the 250 μm thick material are shown. Also, we have included some of the samples with a defect in order to emphasize that, when working with this type of material, and since it is made by us in our laboratory, it is necessary to be very careful because any imperfection or particle deposited may subsequently affect the storage of information. Another reason why we did not reject the plates with a defect is that we believe it is more rigorous to compare the results with plates produced in the same conditions, since sometimes the ambient conditions may vary between one production batch and another, which could affect the experimental results.
In Fig. 6 (g) it can be seen that, together with the black and white pixels, a series of diffraction rings have been stored in the center of the image. The material in this region has a small impurity, and this makes rings appear in the reconstruction. This noise due to the impurity is the cause of the increase in the BER. Therefore in order to prevent this type of noise, it is necessary to be very careful when manufacturing the material to ensure there are no small impurities that may cause this undesirable noise in the image.
E. Thickness of 500 μm
Finally, the same four objects are multiplexed in the 500 μm thick material. Figure 7 shows the BER for these four objects and for the thickness as a function of the number of holograms stored and the exposure time represented by empty triangles. In this case, since the thickness is increased, the dynamic range of the material also increases, thereby enabling a greater number of holograms to be stored. The number of holograms stored ranges from 34 with the 400 × 400 pixel object to 70 with the 800 × 600 pixel object. As in the case of a thickness of 250 μm, the first and last holograms were stored with a higher BER than the central holograms. These central holograms have a BER of less than 0.1. In Fig. 8 the first and last hologram with a lower BER of the four objects (holograms 35, 33, 40, and 52, respectively) stored in the 500 μm thick material are shown.
Conclusion
The capacity of a PVA/acrylamide photopolymer to multiplex data pages has been demonstrated. For the first time, the images multiplexed in this Fig. 7 . (Color online) (Color online) BER of the objects with 300 × 300 pixels (solid circles), 400 × 400 pixels (empty circles), 500 × 500 pixels (solid squares), 800 × 600 pixels (empty squares), and exposure time (empty triangles), in a 500 μm thick material. Fig. 8 . First and last holograms with a lower BER corresponding to objects with 300 × 300 pixels (a), (b), 400 × 400 pixels (c), (d), 500 × 500 pixels (e), (f), and 800 × 600 pixels (g), (h) in a 500 μm thick layer. material have been shown. In this study, four different data pages with a different pixel size were multiplexed in a PVA/acrylamide photopolymer. TN-LCDs were used as a spatial light modulator to modify the object beam and store the data pages in the material. The data pages were stored in three layers with different thicknesses. The BER of the multiplexed images was calculated to quantify the quality of the images and represented versus the number of multiplexed holograms.
From the experiments, we conclude that the thickness of the material determines the number of holograms that may be stored, since, when the thickness of the material increases, so does the number of holograms stored. With a thickness of 80 μm, although the number of holograms stored is less than that for other thicknesses, the first 12 holograms all have the same BER, irrespective of the number of pixels of the object. With thicknesses of 250 μm and 500 μm, the first and last holograms stored have a greater BER. This means that the most appropriate exposure as a function of the type of thickness used should be chosen, or the first images stored rejected. As occurs in the case of multiplexing diffraction gratings, when an exposure scheduling must be chosen in order to obtain uniform diffraction efficiency [30] , when multiplexing data pages, an exposure scheduling that gives a uniform BER in the stored images could be used. Nevertheless, it should be noted that there are some 15 central holograms (thickness of 250 μm) and 25 central holograms (thickness of 500 μm) whose BER is less than 0.1, which indicates that the image obtained is of very good quality. This study shows the possibilities of this photopolymer as a holographic memory.
